Space is expected to be a convection-free, quiescent environment for the production of large-size and high-quality protein crystals. However, the mechanisms by which the diffusion environment in space improves the quality of the protein crystals are not fully understood. The interior of a microfluidic device can be used to simulate a microgravity environment to investigate the protein crystallization mechanism that occurs in space. In the present study, lysozyme crystals were grown in a prototype microchannel device with a height of 50 µm in a glass-polydimethylsiloxane (PDMS)-glass sandwich structure. Comparative experiments were also conducted in a sample pool with a height of 2 mm under the same growth conditions. We compared the crystal morphologies and growth rates of the grown crystals in the two sample pools. The experimental results showed that at very low initial supersaturation, the morphology and growth rates of lysozyme crystals under the simulated microgravity conditions is similar to that on Earth. With increasing initial supersaturation, a convection-free, quiescent environment is better for lysozyme crystal growth. When the initial supersaturation exceeded a threshold, the growth of the lysozyme crystal surface under the simulated microgravity conditions never completely transform from isotropic to anisotropic. The experimental results showed that the convection may have a dual effect on the crystal morphology. Convection can increase the roughness of the crystal surface and promote the transformation of the crystal form from circular to tetragonal during the crystallization process.
Introduction
The high-quality protein crystals are crucial for the determination of protein structures using X-ray diffraction (XRD). The process of protein crystallization produces a solute concentration gradient that leads to buoyancy drive convection [1] . Convection could change the local degree of supersaturation and the impurity concentration at different locations on the crystal surface [2] .
There is a popular belief that diffusion-controlled transport can improve the quality of protein crystals [3] . Sedimentation movement and convective flow due to gravity are negligible under microgravity conditions [4, 5] . Therefore, Space is thought to be a quiescent environment for the production of large enough size and high-quality protein crystals. A series of experiments in space have been conducted to grow protein crystals [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , and an analysis of the X-ray quality of the crystals grown in space was performed [17] . The experimental results showed that protein crystals of high diffraction quality could be obtained [3, 10] . Unfortunately, some research showed that only Facility [35] . However, the direct experimental study in space is limited by restricted access and high costs. The best strategy is to conduct Earth-based pre-research on the protein crystallization mechanism under simulated microgravity conditions, and then further validate the theory through space experimentation. To this purpose, the magnetic field [36] [37] [38] and gel methods [39] have been used to reduce the effect of convective flow on protein crystallization. However, one drawback to the magnetic field method is that the magnetic field can influence the orientation and the growth of the protein crystals [37] . In addition, the magnetic force pushes the protein crystals to locations where the magnetic field is strongest, and the crystals are likely to pile up and form twin crystals. As for the gel method, the addition of gel and other high viscosity medium in a solution can inhibit the flow of the solution, but the mixing of these macromolecules has a great influence on nucleation. Van Driesche et al. described that gel itself acts as a complex impurity, and crystal growth in a gelled solution is not an ideal convection-free process [40] .
With the development of MEMS (Micro-Electro-Mechanical System) technology, microfluidics is currently one of the most rapidly growing frontier fields. Using this technique, the transport phenomena can be effectively controlled since there are no buoyancy-driven convection instabilities on such a small scale [41] [42] [43] [44] . From the viewpoint of fluid mechanics, microfluidics offers the unequaled ability to provide a simulated microgravity environment on Earth. However, protein crystal growth in a microchannel has some different aspects compared with space due to the small dimensions of the microchannels. In fact, the protein crystals that grow inside the microchannel are not suspended in the solution, and they still sink to the bottom of the microchannel by gravity. However, the convective flow can be inhibited significantly due to the small size of the microchannels, and the mass transfer process is diffusion controlled in the process of protein crystal growth. Although the confined geometries may influence the full growth of the crystal facet and the microchannel surface may influence the crystallization nucleation [45] , the microchannel can be used to study the growth of the protein crystal after nucleation. The use of microchannels is the same as the use of capillaries placed perpendicular to the direction of gravity to obtain protein crystals in a confined volume. The latter is a historically well-known concept and a practical technique [46] , however, microchannels are more suitable for studying the crystallization mechanism. In addition, due to shuttles or the International Space Station (ISS) movements, there are g-jitters that induce crystal movements in real microgravity environments [47] . The microchannel cannot reproduce this effect, which is always present in microgravity experiments.
Microfluidics-based protein crystallization devices have been developed as an excellent and cost-effective apparatus for protein crystallization [48] . Microfluidic approaches are attractive for protein crystallization, because they (a) can carry out many experiments simultaneously to cover a dense, multidimensional chemical space; (b) use very small quantities of samples; (c) precisely control mixing, interfaces, and time of contact between solutions; and (d) the crystal quality can be evaluated by X-ray diffraction [49] [50] [51] [52] [53] [54] [55] [56] [57] . Some microfluidic devices for the high-throughput screening of protein crystallization conditions have been designed, including the free-interface diffusion [50, 51] , droplet-based [43, 44, [52] [53] [54] , system based on the Slip Chip [42, 43, 48] and microdialysis-based methods [55, 56] . A commercial off-the-shelf microfluidic device was tested in microgravity using a high-throughput protein crystal growth method [58] . However, there is no existing microfluidics-based research on the mechanism of protein crystallization in space.
In this paper, a prototype microchannel device was used for protein crystallization, which consists of a circular cavity made by a glass-PDMS-glass system with a height of 50 µm. The device reduces buoyancy-driven convection to simulate a microgravity environment for protein crystal growth. Lysozyme crystals were grown in a microchannel, and comparative experiments were conducted in a sample pool with a height of 2 mm in the same conditions. Our purpose is to investigate the mechanism of protein crystallization under microgravity conditions rather than the effect of impurities on protein crystal growth. The crystal morphologies and crystal growth rates of the grown crystals were compared and the differences were analyzed in detail. Note that at the high supersaturation condition, the formation of a critical nucleus was easier in the bulk solution rather than on the wall surface [59] . Hence, lysozyme crystals were nucleated and grown using the isothermal batch method to reduce the influence of the microchannel surface on the crystallization nucleation. But the batch method induces a very fast crystallization, reducing the benefit of microgravity compared to free-interface diffusion, dialysis, or gel acupuncture methods [60] .
Experiments

The Experiment Devices
The diffusion Grashof number, a dimensionless number, is used to describe the buoyancy convection produced in the process of crystal growth. Its physical meaning is the ratio of buoyancy to viscous force in inhomogeneous media. The smaller the Grashof number is, the smaller the buoyancy convection. The diffusion Grashof number is defined as
where g is the acceleration due to gravity, ν is the kinematic viscosity, β c is the solution expansion coefficient, and ∆C is the concentration difference. L is the characteristic length; the height of the solution in the gravity direction can be used as the value of L. A sample pool with the height of 2 mm and a glass-PDMS-glass microchannel with the height L M = 50 µm were used in the present study. For the sample pool on Earth, the characteristic length is L P = 2 mm, and the corresponding diffusion Grashof number Gr 
The above calculation shows that the microchannel can effectively restrain buoyancy convection. If using the same ν, β c and ∆C, the ability of suppressing the buoyancy convection using the microfluidic device with the height of 50 µm is comparable to that using the sample pool with the height of 2 mm in the microgravity environment (1.56 × 10 −5 g).
As shown in Figure 1 , the microfluidic device proposed in the present study is a glass-PDMS-glass sandwich structure. The depth of the microfluidic device is 50 µm. Two circular cavities with different diameters were designed to investigate the effects of the solution volume on the crystal growth in the microchannel. However, it was found that the volume change of solution in the microchannel had no effect on the crystal morphology and the crystal growth rates. The microfluidic device was fabricated by multilayer soft lithography techniques using PDMS. A mixture of liquid prepolymer PDMS and its cross-link agent at a quality ratio of 10:1 was poured onto a mold and cured at 353 K for two hours. The solidified PDMS structures were then peeled off, and small holes were drilled into the PDMS layer to produce an inlet and outlet at the position shown in Figure 1 . The surface of the PDMS layer with microchannel and a glass slide were exposed to oxygen plasma for about four minutes and then the two exposed surfaces pressed against each other. The ensemble was heated again to 353 K for half an hour, which led to the formation of an irreversible PDMS-glass system. In the same way, another glass slide with two holes and the PDMS-glass system were impacted together to form the glass-PDMS-glass sandwich structure. Pipes were inserted into the inlets and outlets. Because PDMS is permeable to gas, an epoxy resin was used to wrap the exposed areas of PDMS. The areas surrounding the inlets and outlets were sealed with silicone rubber and then coated with epoxy resin. 
Reagents and Methods
An HAc-NaAc buffer solution (250 mM, pH 4.50) was used, and chicken egg-white lysozyme was purchased from Sigma (St. Louis, MO, USA). High-purity deionized water (18.2 MΩ) was obtained by passing distilled water through a Milli-Q (Millipore Company, Billerica, MA, USA) Plus water purification system, and all other reagents were of an analytical grade.
The buffer solution was filtrated with a 0.22 μm filtration membrane before performing the experiments, and appropriate amounts of lysozyme powder and NaCl were then dissolved separately in a buffer solution. These solutions were kept at 277 K. The lysozyme solution was centrifuged at 14,000× g r/min for about thirty minutes, and then the upper half of the solution in a centrifuge tube was used in the experiments.
The lysozyme crystals were nucleated and grown using the isothermal batch method to reduce the influence of microchannel surface on the crystallization nucleation. The initial protein concentration C  , NaCl concentration The NaCl solution and clear lysozyme solution were well mixed and injected into the microfluidic device and the sample pool, and then the pipe orifices of the microchannel and the sample pool (as shown in Figure 1 ) were sealed at once. The microfluidic device and the sample pool were placed in a biochemical incubator. During the process, the ambient temperature and the temperature of the solutions were kept higher than the controlled temperature inside of the biochemical incubator to avoid too high supersaturation. Observations of the morphology and measurement of the growth rates of the lysozyme crystals were carried out using a microscope. The space group of the tetragonal lysozyme crystal is P43212. Figure 2 shows the illustration of the normal growth habit of tetragonal lysozyme crystals [61] and an observed lysozyme crystal. The growth rates of the crystal were measured by selecting (110) face. 
The buffer solution was filtrated with a 0.22 µm filtration membrane before performing the experiments, and appropriate amounts of lysozyme powder and NaCl were then dissolved separately in a buffer solution. These solutions were kept at 277 K. The lysozyme solution was centrifuged at 14,000× g r/min for about thirty minutes, and then the upper half of the solution in a centrifuge tube was used in the experiments.
The lysozyme crystals were nucleated and grown using the isothermal batch method to reduce the influence of microchannel surface on the crystallization nucleation. The initial protein concentration C ∞ , NaCl concentration C s and the corresponding supersaturations σ = (C ∞ − C s )/C s in experiments are shown in Table 1 . The equilibrium saturation concentration of lysozyme C s is 6.29 mg·mL −1 in 293 K and pH 4.50. The NaCl solution and clear lysozyme solution were well mixed and injected into the microfluidic device and the sample pool, and then the pipe orifices of the microchannel and the sample pool (as shown in Figure 1 ) were sealed at once. The microfluidic device and the sample pool were placed in a biochemical incubator. During the process, the ambient temperature and the temperature of the solutions were kept higher than the controlled temperature inside of the biochemical incubator to avoid too high supersaturation. Observations of the morphology and measurement of the growth rates of the lysozyme crystals were carried out using a microscope. The space group of the tetragonal lysozyme crystal is P4 3 2 1 2. Figure 2 shows the illustration of the normal growth habit of tetragonal lysozyme crystals [61] and an observed lysozyme crystal. The growth rates of the crystal were measured by selecting (110) face. 
Results and Discussion
The Morphologies of the Grown Lysozyme Crystals
Figure 3(a1-e1) show the morphologies of the crystals grown in the microfluidic device and in the sample pool with different initial supersaturations at a specific time after the mixing of the NaCl solution and clear lysozyme solution. Due to the limited height of 50 microns of the microchannel, the data of the crystals with the height less than 50 microns in the gravity direction (i.e., the direction normal to the photograph plane) are selected. Figure 3(a2-e2) show the corresponding morphology evolutions of the crystals grown in the microchannel and in the sample pool. It can be seen that at the low initial supersaturation σ = 1.11, the appearances of crystals were smooth and perfect in both the microfluidic device and the sample pool. At higher initial supersaturations, i.e., σ = 1.65 and 2.18, the appearances of grown crystals in the microfluidic device remained smooth and perfect while the surfaces of those in the sample pool became increasingly rough as shown in Figure 3b ,c. When the initial supersaturation increased to σ = 3.24, the surfaces of crystals grown in the microchannel also became rough while the morphologies of the crystals grown in the sample pool were even worse, and large caves and steps emerged on the crystal surfaces, as shown in Figure 3d . Note that when the crystal growth reached the height of the microchannel device, the top faces of the crystal fused into a plane; e.g., see the crystal morphologies at 24 h in Figure 3(a2) .
As shown in Figure 3e , when the initial supersaturation further increased to σ = 4.29, the surfaces of crystals grown in both the microchannel and sample pool became very rough. Dendritic crystals emerged in both the microchannel and the sample pool. However, the crystals grown in the sample pool gradually evolved from the circular form to the tetragonal form throughout the crystallization process, while those in the microchannel did not completely transform from circular to tetragonal.
As the initial supersaturation level increased, the morphology of the crystals grown in the microchannel gradually changed. The morphology of the crystals grown in the microchannel were showed in Figure 4 . Although the transport of macromolecules towards a growing crystal is isotropic, the interfacial incorporation process is anisotropic because the bond distribution in the crystal structure is anisotropic [25, 62] . Therefore, the growth rate for every crystal face is different. At the initial supersaturation σ = 4.29, the morphology of the crystal grown in the microchannel did not completely transform from circular to tetragonal throughout the crystallization process, which implied the growth of every surface never completely transforms from isotropic to anisotropic. However, the single crystals should be anisotropic because the bond distribution in the single crystal structure is anisotropic. 
Results and Discussion
The Morphologies of the Grown Lysozyme Crystals
As the initial supersaturation level increased, the morphology of the crystals grown in the microchannel gradually changed. The morphology of the crystals grown in the microchannel were showed in Figure 4 . Although the transport of macromolecules towards a growing crystal is isotropic, the interfacial incorporation process is anisotropic because the bond distribution in the crystal structure is anisotropic [25, 62] . Therefore, the growth rate for every crystal face is different. At the initial supersaturation σ = 4.29, the morphology of the crystal grown in the microchannel did not completely transform from circular to tetragonal throughout the crystallization process, which implied the growth of every surface never completely transforms from isotropic to anisotropic. However, the single crystals should be anisotropic because the bond distribution in the single crystal structure is anisotropic. The intensity of convection increases with the rise of supersaturation. The effect of convection on the protein growth mechanism may be manifold. Novel investigations suggest that the protein molecules can form oligomers already in the crystallization solution [63] , rather than entering the crystal lattice one-by-one. Ferreira et al. [63] thought that the mesoscopic clusters are beneficial when they accelerate the formation of the first precrystalline nuclei and are detrimental as they deplete the solution of protein ready to crystallize. Nadarjah et al. [64] thought that the growth of a protein crystal was a two-step process: aggregate growth units are first formed in the bulk solution by stronger intermolecular bonds and then attached to the crystal face by weaker bonds. Nadarjah et al. [64] The intensity of convection increases with the rise of supersaturation. The effect of convection on the protein growth mechanism may be manifold. Novel investigations suggest that the protein molecules can form oligomers already in the crystallization solution [63] , rather than entering the crystal lattice one-by-one. Ferreira et al. [63] thought that the mesoscopic clusters are beneficial when they accelerate the formation of the first precrystalline nuclei and are detrimental as they deplete the solution of protein ready to crystallize. Nadarjah et al. [64] thought that the growth of a protein crystal was a two-step process: aggregate growth units are first formed in the bulk solution by stronger intermolecular bonds and then attached to the crystal face by weaker bonds. Nadarjah et al. [64] figured that the growing unit for the (110) face may be octamer corresponding to 4 3 helix while the growing unit for the (101) face may be a tetramer corresponding to the 4 3 helix [61] . Convection should have a great influence on the aggregate reactions. Convection can promote the collision of the protein molecules to form aggregates and transports more growth units to the surface of the crystal. Therefore, convection increases the roughness of the crystal surface. When the supersaturation is low, the influence may not be obvious. But as supersaturation rises, the trend will become more pronounced. When the supersaturation is high, the protein molecules readily form oligomers and dendritic crystals in the crystallization solution. Many mesoscopic clusters are connected by weak bonds. The high intensity convection can stir and break these mesoscopic clusters connected by weak bonds, making the aggregate in the solution more evenly distributed. Therefore, under the condition of higher supersaturation, convection should be favorable for protein crystallization.
Convection is also likely to have an effect on protein growth units on the crystal surface. When the protein growth units are transferred to a growing crystal and absorbed on the crystal surface, there are two ways for the growth units to enter the crystal lattice. One way is that the protein growth units remain attached to the crystal surface and are wrapped into the crystal structure with the crystal growth. The other way is that the protein molecules enter the crystal lattice by moving to the right position and rotating to the correct orientation, attaching to the interior of the lattice with the strongest bonds, which is time-consuming. At low supersaturation, few protein growth units are transferred to the crystal surface. Except for some of the molecules that desorbed and come back into the solution, most of them could enter the crystal lattice in the second way.
With increasing supersaturation, more protein growth units are transferred to the crystal surface. At high supersaturation, surface roughening occurs, so the growth units have two or three surfaces exposed to the crystal surface, resulting in a much higher link density. Many growth units may not be in the right direction or in the correct position to interact with the crystal surface. On the one hand, they need to overcome the larger energy barrier to enter the crystal lattice in the second way. On the other hand, they do not have enough time to do it because the new growth units are quickly transferred. In addition, the mesoscopic clusters near the crystal surface may be adsorbed on the crystal surface to affect the crystal quality.
The strength of the lattice defect interaction is diverse and weaker than the strongest bonds. If there are disturbances on the interface, such as convection, some protein growth units connected by the relatively weak interactions will be forced off from the interface and reintroduced into the surrounding solution while the growth units linked by the relatively stronger bonds inside the crystal structure will remain. Convection can also remove the mesoscopic clusters that are adsorbed on the surface of the crystals. It is possible that the crystal quality will be improved. Previously Akio Convection should have a great influence on the aggregate reactions. Convection can promote the collision of the protein molecules to form aggregates and transports more growth units to the surface of the crystal. Therefore, convection increases the roughness of the crystal surface. When the supersaturation is low, the influence may not be obvious. But as supersaturation rises, the trend will become more pronounced. When the supersaturation is high, the protein molecules readily form oligomers and dendritic crystals in the crystallization solution. Many mesoscopic clusters are connected by weak bonds. The high intensity convection can stir and break these mesoscopic clusters connected by weak bonds, making the aggregate in the solution more evenly distributed. Therefore, under the condition of higher supersaturation, convection should be favorable for protein crystallization.
The strength of the lattice defect interaction is diverse and weaker than the strongest bonds. If there are disturbances on the interface, such as convection, some protein growth units connected by the relatively weak interactions will be forced off from the interface and reintroduced into the surrounding solution while the growth units linked by the relatively stronger bonds inside the crystal structure will remain. Convection can also remove the mesoscopic clusters that are adsorbed on the surface of the crystals. It is possible that the crystal quality will be improved. Previously Akio Kadowaki et al. was puzzled to find that the crystal quality grown under forced flow was better than that grown in quiescent conditions [65] . In that case convection is beneficial to the crystal growth.
In a word, the convection may have a dual effect on the crystal morphology. Convection can increase the roughness of the crystal surface and promote the transformation of crystal form from circular to tetragonal during the crystallization process.
The Growth Rates of the Lysozyme Crystals
After the mixing of the NaCl solution and clear lysozyme solution, the growth rates of the (110) face of the lysozyme crystals between 2 h and 5 h was measured. The growth rates of the crystal were measured by selecting (110) faces that are parallel to the gravity direction, to avoid the geometrical influence of the microchannel. The growth rates of the (110) face of five selected crystals were averaged and the uncertainty was given by the dispersion. Under the condition of supersaturation σ = 4.29, the growth rates of the crystal that can distinguish (110) surfaces were measured. The results were listed in Table 2 and plotted in Figure 5 . The x-coordinate is the initial supersaturation, and the error bar is the standard deviation of uncertainty. It should be noted that the supersaturation at the crystal surface is different from the bulk supersaturation, particularly in non-convective environments. It can be seen that for lysozyme crystals grown in both the microchannel and sample pool, the growth rates of the (110) face increased with the initial supersaturation increase. At the initial supersaturation σ = 1.11, the growth rates of the (110) face were nearly the same for the crystals grown in the microchannel and the sample pool. Between σ = 2.18 and σ = 3.24, the growth rates of the (110) face for the crystals grown in the microchannel increased little with supersaturation.
During the Nanostep experiment of the Japan Aerospace Exploration Agency (JAXA), the crystal growth rates were determined by interferometry on board of the ISS [24] . Weichun Pan et al. also monitored the behaviors of crystal growth under various gravity conditions via the Foton Satellite and parabolic flight [18] . In the study, protein crystallization experiments under microgravity conditions were carried out. The effects of dimer molecules on step velocity and normal growth rate were investigated. They found the crystal growth rate in the microgravity environment is a little faster than that on Earth under certain conditions. In Foton satellite experiments [18] , the experimental results show that when C NaCl = 2.1%, the crystal growth rate in the microgravity environment is a little faster than that on Earth with the supersaturation around 3.65, 3.80 and 3.9, respectively, while it was lower than that on Earth with the supersaturation around 3.70. When C NaCl = 2.5%, the crystal growth rate in the microgravity environment was faster than that on Earth only with the supersaturation around 4.0, while it was lower than that on Earth with the supersaturation around 3.5 and 4.5, respectively. The space experimental data presents a significant fluctuation, which may contribute to occasional unstable conditions such as unavoidable mechanic vibration during samples shipping and rocket launching [18] . Their results differ from those of the study, which may be due to the different amounts of precipitant. After all, the concentration of the precipitator can affect the growth rate of the crystals [33] . 
Conclusions
A microfluidic device was used to simulate a microgravity environment and investigate the resulting protein crystallization mechanisms. We used a sample pool with a height of 2 mm as a control, and compared the crystal morphologies and the growth rates of convectively and diffusively grown crystals. When the initial supersaturation was low, there were no significant differences in the morphologies and the growth rates of the lysozyme crystals in both environments. With the increasing convective transport of protein molecules due to the initial supersaturation increase, the surfaces of the lysozyme crystals grown in the convective environments were rougher. Moreover, when the initial supersaturation exceeded a certain threshold, the morphology of the crystals grown in the diffusive environment did not completely transform from circular to tetragonal throughout the crystallization process, indicating the growth of the surface never completely transformed from isotropic to anisotropic. The experimental results showed that the convection may have a dual effect on the crystal morphology. Convection can increase the roughness of the crystal surface, and promotes the transformation of the crystal form from circular to tetragonal during the crystallization process. In our future work, we will compare the quality of protein crystals grown in microchannels and sample pools.
It should be noted that protein crystal growth in the microchannel has some different aspects compared with that in space, such as the effects of the confined geometries and the larger surface-tovolume ratio, although in the present study lysozyme crystals were nucleated and grown using the isothermal batch method to reduce the influence of the microchannel surface on the crystallization nucleation. Therefore, further validations of the conclusions are required to be conducted through space experiments in the future. 
It should be noted that protein crystal growth in the microchannel has some different aspects compared with that in space, such as the effects of the confined geometries and the larger surface-to-volume ratio, although in the present study lysozyme crystals were nucleated and grown using the isothermal batch method to reduce the influence of the microchannel surface on the crystallization nucleation. Therefore, further validations of the conclusions are required to be conducted through space experiments in the future.
